Elevated left atrial pressure estimated by Doppler echocardiography is a key determinant of mitral valve tenting in functional mitral regurgitation ABSTRACT Background Functional mitral regurgitation (FMR) may occur in patients with reduced or preserved left ventricular ejection fraction (LVEF) and has been associated with excess valvular tenting only in patients with reduced LVEF. This study aimed at identifying the predictors of FMR and to determine whether or not they are different in patients with reduced versus preserved LVEF.
Methods 190 consecutive patients free of congenital or primary valvular disease had a comprehensive echocardiographic assessment of LV remodelling and function, diastolic function and FMR severity.
Results 112 patients had depressed LVEF (<50%) and 78 had preserved LVEF. FMR was present in 30 patients with preserved LVEF and in 65 with reduced LVEF. Higher E/Ea, E/A and larger mitral tenting were independent predictors of FMR regardless of LVEF. The mitral tenting area was an independent predictor of FMR severity in patients with reduced or preserved LVEF (p ¼ 0.04 and p ¼ 0.0045) in addition to E/A (p ¼ 0.0007), E/Ea (p ¼ 0.004) in patients with reduced and preserved LVEF, respectively. Higher E/Ea was independently associated with larger mitral tenting in patients with reduced and preserved LVEF. Mitral tenting area was linearly related to E/Ea (r ¼ 0.30, p<0.0001) and E/A (r ¼ 0.43, p<0.0001) and LA enlargement (r ¼ 0.54, p<0.0001) after having paired 96 patients with and without FMR on indices of LV remodelling.
Conclusions In both patients with preserved and reduced LVEF, mitral tenting that leads to FMR is mainly determined by both mitral tethering forcesdthat is, displacement of papillary muscles and by pushing forcesdthat is, increased left atrial pressure. This study underscores that LV preload is a key determinant of FMR.
Functional mitral regurgitation (FMR) occurs commonly in symptomatic patients with chronic heart failure as a consequence of left ventricular (LV) dysfunction despite the absence of significant structural abnormalities of the leaflets and subvalvular apparatus. 1 2 FMR results from a complex interaction of several factors including global and/or local LV remodelling resulting in papillary muscle (PM) displacement, mitral annular dilation, LV systolic dysfunction and dyssynchrony. 3e8 These alterations result in an imbalance between leaflet tethering forces and closing forces, which leads to mitral leaflets miscoaptation. 9 FMR is associated with worse symptomatic status and prognosis in patients with chronic heart failure. 10e14 The most commonly used pharmacological or surgical treatments of this clinical entity generally yield suboptimal results. 15 Hence, better understanding of the mechanisms of FMR is crucial to identify potential therapeutic targets. We have long been intrigued by the clinical observation that FMR may be observed in patients with preserved left ventricular ejection fraction (LVEF), thus suggesting that beyond global and local LV remodelling, annular dilation and intra-LV dyssynchrony, other unidentified factors may be involved in the pathogenesis of FMR.
The objectives of the present study were thus to identify the independent predictors of FMR and to determine whether or not these predictors differ in patients with reduced versus preserved LVEF.
METHODS

Patient population
We retrospectively analysed the echocardiographic studies of 190 consecutive patients who were referred within a 3-month period to the Lille Medical University Centre for echocardiographic examination. Exclusion criteria were as follows: any structural abnormality of mitral leaflets or subvalvular apparatus including leaflet prolapse (even focal), redundant leaflets and significant annular calcific deposits, any other valvular disease (>trivial aortic regurgitation, aortic valve sclerosis or stenosis), prosthetic heart valve, incomplete echocardiographic examination or inadequate imaging quality, recent (<3 months) myocardial infarction, arrhythmia, bradycardia related to atrioventricular or sinus blocks, cardiac pacemaker, constrictive pericarditis, hypertrophic, restrictive or infiltrative cardiomyopathy and congenital heart disease.
Echocardiographic measurements LV systolic and diastolic function
Measurements of LV volumes and ejection fraction were performed as recommended by the American Society of Echocardiography. 16 17 Wall motion score index was semi-quantitatively assessed by a 17-segment model. LV systolic and diastolic sphericity were calculated as the ratio of the major to the minor axis from the apical four-chamber view. Interventricular and intra-LV dyssynchrony were evaluated as previously described. 6 
Diastolic function
Peak early filling mitral flow velocity (E); peak filling velocity at atrial contraction (A velocity); E/A ratio; and deceleration time of the peak E velocity (DTE) were measured using pulsed-wave Doppler. Early diastolic lateral and medial mitral annular velocities were measured by tissue Doppler echocardiography and averaged. 18 Previous studies have demonstrated the E/Ea ratio to be a reliable predictor of an elevated mean LV diastolic pressure and thereby of left atrial (LA) pressure even in the presence of MR. 19 20 The LA area was measured from the apical four-chamber view.
Mitral valve geometry and mitral regurgitation Mitral annulus
Measurements of mitral annular diameter were made at enddiastole (d) and end-systole (s). The anteroposterior (AP) dimension was determined from the parasternal long-axis view with callipers at the junction between the posterior leaflet and left atrial posterior wall and the anterior leaflet and the aortic valve. In the apical four-chamber view, callipers were placed at the junctions between the anterior leaflet and the atrial septum and the posterior leaflet and the left atrial lateral wall (4C). The mitral annular area (MAA) was calculated with the equation assuming an elliptical shape as follows:
The mitral annular contractility was calculated as follows: (MAAd À MAAs) 3 100/MAAd.
Position of the papillary muscles
In the two-apical chamber view, the distances from the mitral annulus to the anterolateral PM tips (APM À posterior annulus distance and APM e anterior annulus distance) reflecting the anterior displacement of the anterolateral PM were measured at mid-systole ( fig 1B) . 21 The distance between the posterior tip of the PM and the intervalvular fibrosa and the posterior annulus (PPM e intervalvular fibrosa distance and PPM e posterior annulus, reflecting apical displacement of the PPM) was measured from the apical long axis view ( fig 1C) . Separation between papillary muscles (PPM e APM distance) was measured directly from the parasternal short axis view ( fig 1D) . 21 A mitral tenting area, that reflects the degree of restrictive leaflets motion and moving of coaptation zone from the mitral annulus toward the apex, was measured by the area enclosed between the annular plane and the mitral leaflets from the parasternal long-axis view. 4 
Mitral regurgitation
Degree of FMR was quantified by two methods: (1) the proximal flow convergence method, 6 and (2) the volumetric method estimating the FMR severity by subtracting the net forward stroke volume from the total LV stroke volume. The results of these two methods were averaged to calculate the effective regurgitant orifice (ERO) area and the regurgitant volume (RV).
Statistical analysis
Data are presented as mean (SD) for continuous variables and as proportions for categorical variables. As different mechanisms may contribute to FMR in patients with either preserved or reduced LVEF, an interaction term including the categorical variable LVEF $50% was systematically tested against each outcome. Analyses were carried out separately in patients with reduced or preserved LVEF when a significant interaction was found (p<0. 10) .
Mean values of echocardiographic variables for patients without FMR were compared with those of patients with FMR either with two-sided Student t tests for independent samples in case of continuous variables or with c 2 tests in case of categorical variables.
A logistic regression analysis was performed to identify echocardiographic variables associated with the presence of FMR. For each continuous variable, two models were built: a first model containing the variable alone and a second one containing the variable and its square. A variable was selected for multivariate analysis if the level of significance in one of the models was <0.2. The log-linearity assumption was tested in comparing the models with an F-test for nested models, this assumption being rejected for a test level of significance <0.05. In this case, the continuous variable was transformed into a dummy variable, the cut-off value for dichotomisation being the value minimising the Akaike's information criterion.
A forward stepwise multiple logistic regression was used to identify independent predictors of FMR, the variables entering the model were considered significant with a p value <0.05. Goodness of fit of the multivariate model was assessed by using the Hosmer-Lemeshow test to measure the model's calibration and by computing the area under the ROC curve to measure its discrimination. In the subset of patients with FMR, determinants of FMR severity as estimated by the ERO were studied with the use of a forward stepwise multiple linear regression analysis. The procedure to select the predictors and build the multivariate model was similar to that of the logistic regression detailed above. The variables entering the multivariate model were considered as significant if the p value was <0.05 and a tolerance measure >0.7 to ensure that multicolinearity between echocardiographic parameters do not affect the regression. Goodness of fit of the multivariate model was assessed by residual analysis, the hypothesis of homoscedasticity being tested with the White's test, and the hypothesis of normality being checked with the normal probability plot of the residuals. Determinants of mitral tenting area were also investigated with a linear regression analysis, as explained above.
To further examine the contribution of LA pressure to the mitral tenting and FMR, we performed a 1:1 case match comparison. Patients with FMR were matched with patients without FMR according to LVEF (+/À 5%), EDV index (+/À 5 ml/m 2 ) and diastolic sphericity index (+/À 0.25). Mean values of echocardiographic variables for patients with FMR were compared with those of patients without MR with two-sided Student t tests for independent samples in this analysis. Statistical analysis was performed using the SAS system (SAS v8, SAS Institute) after approval by the CNIL (French computers and privacy commission).
RESULTS
Characteristics of the population
The study cohort consisted of 190 patients (127 men, 67%) with a mean age of 66 (15) years; 112 patients had a depressed LVEF (<50%) and 78 had a preserved LVEF. Fifty-three per cent of patients had hypertension, 21% had type 2 diabetes, and 58% had ischaemic heart disease. FMR was present in 30 patients (38%) with preserved LVEF and in 65 (58%) patients with reduced LVEF. The mitral ERO was slightly lower in patients with FMR and preserved LVEF than in those with FMR and reduced LVEF (4 (3) mm 2 Valvular heart disease group.bmj.com on March 6, 2010 -Published by heart.bmj.com Downloaded from systolic annular velocities were significantly (p#0.001) lower in patients with FMR compared to patients without FMR. LV enddiastolic index and wall motion score index were higher in patients with FMR (both p ¼ 0.004). Both systolic and diastolic LV sphericity index were lower in patients with MR (both p<0.0001), whereas intra-LV dyssynchrony was increased in patients with FMR compared with those without MR (p ¼ 0.02).
Indices of mitral valve deformation are shown in table 1. Systolic mitral tenting area was markedly increased in presence of FMR (p<0.0001) whereas mitral annular contractility was depressed in presence of FMR (p ¼ 0.04). PM separation and increased apical, anterior and posterior displacement of the PMs were larger in patients with FMR (table 1) .
Indices of elevated LA pressuresdthat is, E/A ratio, E/Ea ratio and LA area, were markedly higher in patients with FMR compared to patients without FMR (all p<0.0001). No interaction was found between LVEF $50% and all other indices for the prediction of the presence of FMR, so that no further analyses were carried out separately in patients with either preserved or reduced LVEF.
On multivariate analysis, higher E/A ratio, E/Ea ratio and increased systolic mitral valvular tenting area emerged as independent predictors of the presence of FMR (area under the ROC curve: 0.91, table 1).
Determinants of FMR severity
Several interactions (p<0.10) were found significant between LVEF $50% and other indices such as interventricular and intra-LV dyssynchrony, E/Ea ratio and lateral S wave for the prediction of the severity of FMR as evaluated by mitral ERO. Accordingly, further analyses were carried out separately in patients with preserved and reduced LVEF. Figure 2 shows an echocardiogram obtained in a patient with preserved LVEF and mild FMR. LA size is enlarged and LA pressure is increased as demonstrated by increased E/Ea. Figure 1 Position of the papillary muscles (PM) by two-dimensional echocardiography in a patient with reduced left ventricular ejection fraction and functional mitral regurgitation (apical four-chamber view, A). APM posterior annulus is the distance from the anterolateral papillary muscle to the posterior mitral annulus and APM anterior annulus is the distance from the anterolateral papillary muscle to the anterior mitral annulus, both measured in the apical two-chamber view (B). PPM posterior annulus is the distance from the posterior papillary muscle to the posterior mitral annulus and PPM intervalvular fibrosa is the distance from the posterior papillary muscle to the intervalvular fibrosa, both measured in the apical long-axis view (C). The PM separation is the distance measured between the posterior papillary muscle and the anterior papillary muscle in the parasternal short-axis view (D). 
Patients with preserved LVEF
As shown in table 2, univariate predictors of mitral ERO were LV end diastolic volume index, lateral mitral annulus systolic velocity, mitral tenting area and E/Ea ratio (table 2). On multivariate analysis, higher E/Ea ratio (p ¼ 0.004), larger mitral tenting area (p ¼ 0.0045), and increased lateral mitral annulus systolic velocity (p ¼ 0.014) were independently associated with FMR severity in patients with preserved LVEF (R 2 ¼ 0.53).
Patients with reduced LVEF
As shown in table 3, univariate predictors of FMR severity in patients with reduced LVEF were intra-LV dyssynchrony, increased systolic mitral tenting area, higher E/A ratio and larger LA area. On multivariate analysis, increased systolic mitral tenting area (p ¼ 0.04), higher E/A ratio (p ¼ 0.0007) and higher LV diastolic sphericity index (p ¼ 0.01) emerged as independent determinants of the severity of mitral ERO in patients with reduced LVEF (R 2 ¼ 0.32).
Determinants of systolic mitral tenting area
These findings confirm that systolic mitral tenting area is an important determinant of the presence and the severity of FMR regardless LVEF. We therefore performed additional analyses to identify the determinants of systolic mitral valvular tenting. Several significant interactions were found between LVEF $50% and indices of global LV remodelling, mitral valve configuration and LA pressure for the prediction of systolic mitral tenting area. Accordingly, analyses were carried out separately in patients with preserved and reduced LVEF. fig 3B) . On multivariate analysis, larger PPM e intervalvular fibrosa distance (p<0.0001) and higher E/Ea ratio (p ¼ 0.04) were independent predictors of systolic mitral tenting area in patients with reduced LVEF (R 2 ¼ 0.43).
Patients with preserved LVEF
Case-match comparison
Forty-eight patients with FMR were matched for LVEF, LV enddiastolic volume and sphericity index with 48 patients without FMR. Whereas indices of LV remodelling were similar in both groups (table 4) , systolic mitral tenting area, E/Ea ratio, E/A ratio and LA area were significantly higher in cases with FMR. Moreover, systolic mitral tenting area correlated with E/A ratio (r ¼ 0.43, p<0.0001), E/Ea ratio (r ¼ 0.30, p ¼ 0.003) and LA area (r ¼ 0.54, p<0.0001) in this subset of 96 patients. Hence, despite very similar LV geometry and function, the main distinctive feature between cases and controls was the presence of elevated LA pressures and larger systolic mitral tenting area, which supports the concept that pushing forces generated by increased LA pressure, may contribute to the tenting of mitral valve and thereby to the occurrence of FMR.
DISCUSSION
The main findings of this study are: (1) FMR may be found in patients with preserved LVEF regardless of the presence of segmental wall motion abnormalities, (2) non-invasively estimated LV filling pressure and thereby LA pressure are major determinants of FMR regardless of LVEF, (3) systolic mitral valvular tenting, a well-established determinant of the presence and severity of FMR, is directly and independently related to local LV remodellingdthat is, tethering forces, but also to increased LA pressure and LA enlargementdthat is, pushing forces (fig 4) .
Functional MR commonly occurs secondary to LV dysfunction despite structurally normal mitral valve leaflets and chordae tendinae. 1 Although FMR is often clinically silent, 22 several studies have demonstrated that it is a powerful independent risk factor for poor outcome in the setting of heart failure or post myocardial infarction. 10 12 23 Yiu and co-workers were the first to report the important contribution of global or local LV remodelling in the pathogenesis of FMR in patients with reduced LVEF. 4 In agreement with the findings of Yiu et al and of other investigators, 24 25 a larger systolic mitral tenting area was found to be an independent predictor of the presence and severity of MR in patients with reduced LVEF in the present study. We also found an independent relation between systolic mitral tenting area and indices of PM misalignment. Very recently, Park et al elegantly demonstrated that LA enlargement and diastolic dysfunction assessed by the mitral Doppler inflow pattern contribute to FMR in patients with dilated cardiomyopathy. 26 Our study confirms and extends these findings. Indeed, the finding that larger mitral tenting area and elevated LA pressure determine the presence of FMR may explain at least partially why some patients with reduced LVEF may exhibit an increased mitral tenting area associated with increased local LV remodelling but no MR. Our work builds on previous studies by also assessing FMR in the context of preserved LVEF. Increased systolic mitral tenting area and indices of LA pressure were also identified as powerful independent predictors of the presence and the severity of MR in these patients with preserved LVEF. Finally the combination of (1) elevated mean LA pressure that decreases the net atrioventricular pressure gradient and thereby mitral closing forces and (2) increased local LV remodelling that increases mitral valve tethering appears sufficient to trigger FMR in patients regardless of LVEF. In addition, the case-match approach underscores that of two patients having similar LV local and global remodelling, the one with FMR will exhibit larger LA size and higher LA pressure than the one without FMR, and that LA enlargement may be viewed as a chronic harbinger of elevated LV preload. Intriguingly, the E/A ratio was found to be a stronger predictor of FMR severity than the E/Ea ratio in patients with reduced LVEF, whereas the opposite was found in the subset of patients with preserved LV function. Such a finding is not unexpected, as the E/A ratio may be more reliable to predict LA pressure than the E/Ea ratio in patients with advanced systolic heart failure, large LV volumes and impaired cardiac indices. 27 Of note in our series, patients with FMR and preserved LVEF were older and more frequently hypertensive women, as frequently observed in patients with heart failure and preserved LVEF (HFpEF). Increased LA pressure as evidenced non-invasively by elevated E/Ea is commonly encountered in patients with heart failure and preserved LVEF. 28 Of note intermittent increase in FMR during dynamic exercise was found to be associated with an acute increase in LV preload as assessed by E/Ea ratio in patients with HFpEF. 29 One could thus speculate that increased LA pressure contributes to the development of FMR and therefore to the worsening of heart failure in these patients.
The results of the present study may have important clinical implications. Indeed, the surgical correction of FMR still remains a source of debate in patients with LV systolic dysfunction. In the series reported by McGee et al, one-third of patients with ischaemic heart disease and FMR had recurrent 3+ or 4+ MR 6 months after mitral annuloplasty. 30 Several studies have shown Figure 4 Apical long axis view illustrating that mitral tenting area may result from tethering forces (local LV remodelling, arrow 1) and pushing forces (increased LA pressure and size, arrows 2).
that this procedure fails to adequately reduce mitral valve tethering in a substantial proportion of the patients with FMR 31e33 but may not consistently result in functional capacity improvement. 34 In light of the finding that LA pressure is a major independent determinant of functional MR, treatment of FMR should be primarily focused on the optimisation of medical treatment including diuretics, nitrates and inhibitors of the renin-angiotensin system in order to reduce LA pressure and afterload. To this effect, previous studies have demonstrated that these medications may successfully reduce the degree of FMR. 35 36 Surgery may be envisioned in the challenging subset of patients in whom an intensive medical therapy has failed to achieve significant reduction in MR severity.
Limitations of the study
One limitation is the retrospective nature of this study, which limits our ability to determine the clinical correlates, prevalence and incidence of FMR in the subsets of patients with reduced or preserved LVEF. Prospective studies are needed to address these issues.
There are conflicting data on the accuracy of E/Ea as a surrogate of LV filling pressure in patients with FMR. Some investigators reported that E/Ea ratio accurately predicts LV filling pressure in patients with FMR, 19 20 whereas others found a poor correlation in patients with severe MR of various aetiologies. 37 In this regard, the ratio of isovolumetric relaxation time to the time interval between the onset of early diastolic mitral inflow velocity (E) and annular early diastolic velocity (Ea) by tissue Doppler imaging (IVRT/T E e Ea ) better predicts LV filling pressure than the E/Ea ratio, especially in patients with MR and preserved LVEF. 38 The utilisation of this ratio might thus have yielded an even stronger association between estimated LA pressure, mitral valve tenting and FMR. This ratio was, however, not measured in the present study. In addition, invasive measurement of pulmonary capillary wedge pressure was not available.
Another limitation is the cross-sectional design of the study, which limits the conclusion with regard to causality. FMR may lead to an increase in LA pressure but, on the other hand, as suggested by the present findings, elevated LA pressure may also contribute to the development and/or worsening of FMR, thereby feeding a vicious cycle where FMR begets FMR. Further longitudinal studies will be necessary to address this issue. Nonetheless, the findings of this study, and especially those of the case-match comparison give support to the concept that increased LA pressure is a major determinant of FMR.
Conclusion
The combination of increased tethering forces (mainly dependent on local LV remodelling) and pushing forces (mainly dependent on increased LV preload) both worsen systolic mitral valve tenting and thereby predispose to the occurrence of FMR not only in patients with reduced LVEF but also in those with preserved LVEF. Hence, these findings suggest that elevated LA pressure is a key determinant of FMR. These results may have important implications with regard to the evaluation and treatment of this complex condition.
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